Abstract Background: Scavenger receptors including CD36 control the phagocytosis of oxidized lowdensity lipoprotein and play an important role in macrophage physiology, but the underlying molecular mechanism by which CD36 is regulated in macrophages or during macrophage differentiation from monocytes remains to be determined. Methods: Here, we investigated the relationship between Wnt1 and CD36 during macrophage differentiation. CD36 was suppressed following knockdown of Wnt1 by siRNA, while it was increased by ectopic overexpression of Wnt1 in macrophages. Using a β-catenin inhibitor, peroxisome proliferatoractivated receptor gamma (PPAR-γ) siRNA, and transcription factor 4 (TCF4) siRNA, we demonstrated that Wnt1 regulates the expression of CD36 through TCF4 and PPAR-γ. Coimmunoprecipitation, chromatin immunoprecipitation, and immunofluorescence experiments showed that β-catenin interacted with PPAR-γ and that PPAR-γ and TCF4 colocalized in the nucleus. Furthermore, Pax3 regulated Wnt1 via binding to the first binding site in the Wnt1 promoter. Results: Our study demonstrated that during macrophage differentiation from monocytes, Wnt1 promotes CD36 expression via activation of PPAR-γ and TCF4. Conclusions: Our findings suggest that Wnt1 plays an important role in macrophage physiology via activation of the canonical Wnt pathway.
Introduction
CD36 is a membrane glycoprotein and a member of the scavenger receptor B family. It is expressed in platelets, endothelial cells, smooth muscle cells, and immune cells including macrophages and dendritic cells [1] [2] [3] [4] [5] . Accumulating evidence indicates that CD36 plays an important role in macrophage physiology. In addition, enforced expression of CD36 in macrophages promotes endocytosis of oxidized low-density lipoprotein (oxLDL) by binding to oxLDL in a lipid raft-dependent pathway [6] . Meanwhile, oxLDL/CD36 interactions suppress locomotion of macrophages, leading to foam cell accumulation in the local lumen [7] . Moreover, CD36 initiates apoptosis of macrophages with overloaded oxLDL via caspase-3 activation. Furthermore, through stimulation of c-Jun N-terminal kinase 2 and mitogen-activated protein kinase kinase 4, CD36 promotes the phosphorylation of several transcription factors including c-Jun and activating transcription factor 2, which are necessary for macrophage foam cell formation [8] . These data clearly indicate that deregulation of the CD36 signaling pathway contributes to the formation of atherosclerosis [9] , but the underlying molecular mechanism by which CD36 is regulated in macrophages or during macrophage differentiation from monocytes remains to be determined.
The Wnt1 signaling pathway participates in multiple biological processes including cell adhesion, migration, and anti-apoptosis [10] [11] [12] . Wnt1, a key component of the canonical Wnt pathway, binds cell membrane receptor frizzled-1 (FZD1) and activates lymphoid enhancerbinding factors and transcription factors (TCFs) through β-catenin [13] . In addition, Wnt1 promotes mammary tumorigenesis by inducing matrix metalloproteinase (MMP)-2, MMP-3, and MMP-9 [14] . Furthermore, Wnt1 promotes cell survival through NF-κB activation [15] . Recently, it has been reported that during the differentiation of dendritic cells from monocytes, Wnt1 was decreased by miR-34a [16] . In addition, previous studies have shown that transcription factor peroxisome proliferator-activated receptor gamma (PPAR-γ), which is induced by the mitogen-activated protein kinase pathway, promotes CD36 transcription [17, 18] . However, the alteration of Wnt1 during macrophage differentiation from monocytes and whether Wnt1 influences the physiological functions of macrophages remain unknown.
In this study, we investigated the regulation of CD36 by the Wnt1 pathway and the upstream regulatory pathways of Wnt signaling during macrophage differentiation by coimmunoprecipitation, chromatin immunoprecipitation (ChIP), and immunofluorescence experiments.
Materials and Methods

Reagents
Wnt1 recombinant protein was from Millipore(Billerica, MA, USA). VAX939 and sp216763 were purchased from Sigma-Aldrich(Shanghai, China). oxLDL was from Yiyuan (Guangzhou, China). GM-CSF was obtained from PeproTech(Rocky Hill, NJ, USA).
Cell culture and transfection
Human primary macrophages were induced from monocytes, which were separated from human peripheral blood with human lymphocyte separation medium (Sigma). Monocytes were cultured in flasks with RPMI1640 (Gibco) supplemented with 10% fetal calf serum (Gibco) and 100 ng/mL granulocytemacrophage colony-stimulating factor (GM-CSF). Culture medium was changed every other day. After 7 days, 1 × 10 6 cells were seeded in six-well plates with 2 mL of culture medium. Inhibitors were added 30 min before transfection, when needed.
The siRNA transfections were performed in 12-well plates. Cells were cultured in serum-free medium for 30 min before transfection. A total of 2 µL of siRNA (50 nM, Baiao, China) and 3.3 µL of RNAiMAX reagent (Invitrogen, USA) were mixed, incubated for 15 min, and added to each well; the plates were incubated at 37 °C for 24 h. Plasmid transfection was performed as follows: 750 ng of plasmid (Origene, USA) and 10 µL of cDNA transfection reagent (Origene, USA) were mixed, incubated for 10 min, and added to each well; the plates were incubated at 37 °C for 24 h. 
Cellular Physiology and Biochemistry
Western blotting Cells were lysed on ice with RIPA lysis buffer (Cell Signaling Technology). The total protein concentration was determined with a bicinchoninic acid assay kit (Bio-Rad). Proteins were resolved on a denaturing 10% SDS-PAGE gel and subsequently transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% dried milk in tris-buffered saline and Tween 20 (10 mM Tris, pH 7.5; 100 mM NaCl; and 0.1% Tween-20), incubated with primary antibodies, and then incubated with horseradish peroxidaseconjugated secondary antibodies. The signals were visualized by enhanced chemiluminescence detection (Pierce, Thermo Fischer Scientific, Bonn, Germany). The following primary antibodies were used: antihuman β-catenin monoclonal antibody (1:1000; Epitomics, USA), anti-human Wnt1 monoclonal antibody (1:1000; Millipore, USA), anti-human PPAR-γ monoclonal antibody (1:1000; Cell Signaling Technology, USA), anti-human GAPDH monoclonal antibody (1:2000 Nuoyang, Hangzhou, China), anti-human TCF4 monclonal antibody (1:500 Sango,Shanghai, China), rabbit IgG antibody (1:2000; Cell Signaling Technology, USA), and anti-CD36 antibody (1:1000; abcam, USA).
Isolation of mRNA and RT-PCR
Total mRNA was isolated from cultured cells using the RNA simple total RNA kit (Tiangen, China) according to the manufacturer's instructions. Total cDNA was synthesized using a primescriptRT reagent kit (Takara, Japan). RT-PCR consisted of 40 cycles of 95°C for 5 s, 60°C for 30s and 95°C for 30s. 18s rRNA served as an endogenous control. Primers were: CD36 forward (GGCTGTGACCGGAACTGTG) and reverse: (AGGTCTCCAACTGGCATTAGAA): 18s rRNA forward (CCGCACTTGATACGGTTCCT) and reverse (CCAGGCTGATCTATCCCACTG).
Oil red O staining
Cells were treated with oxLDL (40 µg/mL) for 24 h, washed twice with phosphate-buffered saline (PBS), and then stained with oil red O working solution (Jiancheng, Nanjing, China) for 10 min. After washing with PBS, 1 mL of compound stain dye for nuclear and extracellular matrix staining was added to the cells. All experiments were performed at room temperature.
Co-immunoprecipitation
Cell lysates were precleared by incubation with 20 µL of protein A/G agarose (Santa Cruz, USA) for 1 h and incubated with bait antibody at 4 °C with rotation overnight. After centrifugation, the supernatant was incubated with 80 µL of protein A/G agarose at 4 °C with rotation for 4 h. The agarose beads were washed three times with cold PBS, followed by elution with 40 µL of protein lysis buffer (Beyotime, Shanghai, China). Then, 10 µL of 5× loading buffer (Beyotime, Shanghai, China) was added, and the mixture was boiled for 5 min and subjected to western blotting.
ChIP assays
ChIP assays were performed with a kit from Cell Signaling Technology, according to the manufacturer's instructions. In brief, 5 × 10 6 macrophages were fixed with 1% formaldehyde for 10 min at 37 °C. Next, chromatin was sheared with 5 µL of nuclease at 37 °C for 20 min, yielding DNA fragments of 200-800 bp. Following preclearing with 20 µL of protein A/G agarose at 4 °C for 1 h, the samples were incubated with 2 μg of bait antibody or control IgG antibody (Epitomics, Cell Signaling Technology) at 4 °C with rotation overnight. Complexes including input were incubated in 5 M NaCl at 65 °C for 6 h to reverse crosslinks, resuspended in proteinase K solution at 45 °C for 1 h, and then purified using a DNA purification kit (Beyotime). The purified DNA was subjected to polymerase chain reaction (PCR) analyses. The primers used for PCR detection were as follows:
CD36 promoter binding sites for PPAR-γ: Forward, 5ʹ-GCGGTACGCAGAGTCGACTC-3ʹ; Reverse, 5ʹ-AGGATACGGGTCTTGCACAG-3ʹ. CD36 promoter binding sites for TCF4, site-1: Forward, 5ʹ-CTGACATCGGAAGTAAGGC-3ʹ;
Reverse, 5ʹ-CACGCCAACCCCATTATTGAC-3ʹ. Site-2: Forward, 5ʹ-GTGCGGTTGGGGTAATAACTG-3ʹ; Reverse, 5ʹ-CAGTAGGATCCACTCATTTCGG-3ʹ. Wnt1 promoter binding sites for Pax3, site-1: Forward, 5ʹ-CAGGCCGAGCCTTACATCTG-3ʹ; Reverse, 5ʹ-GGGCTATGAGCTAGTTGGCA-3ʹ. Site-2: Forward, 5ʹ-CGACGCCACTCACCATACC-3ʹ; Reverse, 5ʹ-GGGTTCTCCGGGTGATCTC-3ʹ. Site-3: Forward, 5ʹ-AGATGAAACGATGGTCGTCAAA-3ʹ; Reverse, 5ʹ-TCCTCCATTACCCCAGGCTT-3ʹ.
Confocal microscopy imaging
Macrophages were seeded on glass in the bottom of a cell culture dish (NEST, USA). After treatment, the cells were fixed and permeabilized at 4 °C for 10 min. After incubation with primary antibody (1:100) at 37 °C for 2 h, the cells were washed with PBS and stained with goat-anti-rabbit FITC IgG or goat-anti-mouse rhodamine IgG (Nuoyang, China) (1:200) at 37 °C for 1 h, followed by DAPI staining (Sigma, USA). The cells were examined using a Zeiss Confocal Microscope Imaging System (Carl Zeiss, Jena, Germany).
Enzyme-linked immunosorbent assay (ELISA)
Macrophages were cultured in 6-well plates with GM-CSF (100 ng/mL). The secretory protein Wnt1 in the cell culture supernatant was measured using an ELISA kit from Antigenix America (New York, USA), according to the manufacturer's instructions.
Statistical analysis
Pairs of data were evaluated using the Student's t-test. P < 0.05 was considered statistically significant. Each experiment was performed at least three times.
Results
Wnt1 positively regulates CD36 expression in macrophages
At first, we validated GM-CSF stimulated-monocytes differentiated into M1 macrophages through detecting CD11b+ iNOS and Arg-1. As shown in Fig. 1A , GM-CSF stimulated-monocytes had a high expression of CD11b+(79.3%±5.6%) which is the main marker of macrophages different from dendritic cells. After GM-CSF treatment for seven days, cells showed high expression of iNOS and low expression of Arg-1, which means GM-CSF treatment made monocytes differentiated into M1 macrophages (Fig. 1B) .To investigate whether Wnt1 regulates CD36, we knocked down Wnt1 by siRNA and overexpressed Wnt1 with the plasmid pCMV-Wnt1 in human primary macrophages. Western blots and RT-PCRs showed that downregulation of Wnt1 by siRNA led to a decrease of CD36. In contrast, ectopic overexpression of Wnt1 resulted in an increase of CD36 ( Fig. 2A) . Wnt1 is a secreted protein and activates Wnt1 signaling by binding to the cell surface receptor FZD1. Next, we treated macrophages with different concentrations of Wnt1 recombinant protein and determined the protein and mRNA levels of CD36 by immunoblotting and RT-PCR. We found that CD36 was upregulated by Wnt1 recombinant protein in a concentration-dependent manner (Fig.  2B) . These results clearly demonstrated that CD36 is positively regulated by the Wnt1 pathway. Fig. 1 . M1 macrophages identification. A. the red peak means CD11b+ cells(79.3%±5.6%) which is the main marker of macrophages different from dendritic cells. B. monocytes were treated with GM-CSF(100 ng/mL) for seven days, then iNOS and Arg-1 were detected using RT-PCR. contrast to monocytes, cells with GM-CSF treatment show high expression of iNOS and low expression of Arg-1, which means GM-CSF treatment made monocytes differentiated into M1 macrophages. The data presented here are mean±SD of three independent experiments.*P<0.05.
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SP216763 significantly increased the CD36 expression level (Fig. 4E) . It has been reported that PPAR-γ is involved in CD36 transcription through the PKC-PPAR-γ pathway [20] . In agreement, overexpression of Wnt1 resulted in an increase of PPAR-γ expression (Fig. 4C) .
To test whether PPAR-γ plays a role in the upregulation of CD36 by Wnt1, we cotransfected macrophages with PPAR-γ siRNA and pCMV-Wnt1 and found that CD36 was decreased with PPAR-γ siRNA, in contrast to the control siRNA in the presence of Wnt1 overexpression (Fig.  4D) . Moreover, ectopic overexpression of PPAR-γ with the plasmid pCMV-PPAR-γ increased CD36 expression (Fig. 4E) . TCF4 is the downstream transcription factor that is activated in the canonical Wnt pathway. We tested whether TCF4 participates in CD36 upregulation by Wnt1. TCF4 siRNA decreased CD36 in the presence of Wnt1 overexpression (Fig. 4D) , while ectopic overexpression of TCF4 with the plasmid pCMV-TCF4 increased CD36 expression (Fig. 4E) , suggesting that Wnt1 positively regulates CD36 via increasing PPAR-γ expression and activating the canonical Wnt pathway.
Translocation of β-catenin stabilizes PPAR-γ, which binds to the CD36 promoter
Both β-catenin and PPAR-γ are transcription factors functioning in the nucleus. Several studies have shown that β-catenin and PPAR-γ are functionally linked [21] [22] [23] . Our results suggest that the association of β-catenin with PPAR-γ might be enhanced in response to Wnt1. To this end, we performed co-immunoprecipitation of macrophage lysates with an anti-β- The results showed that PPAR-γ interacted with β-catenin under normal growth conditions. Interestingly, overexpression of Wnt1 led to an enhanced association of PPAR-γ with β-catenin (Fig. 5A ). To test whether Wnt1 overexpression promotes the recruitment of β-catenin and PPAR-γ to the CD36 promoter, we performed ChIP assays with β-catenin-and PPAR-γ-specific antibodies and found that Wnt1 overexpression significantly increased the binding of β-catenin and PPAR-γ to the DR-1 motif sequence [20] of the CD36 promoter (Fig. 5B ). In addition, confocal microscopy imaging demonstrated that there was no detectable colocalization of PPAR-γ and β-catenin in the nucleus of unstimulated macrophages. Wnt1 overexpression both increased the protein levels and enhanced the association of β-catenin and PPAR-γ (Fig. 6) . Similarly, treatment with SP216763, a β-catenin agonist, led to increased protein levels and enhanced association of β-catenin and PPAR-γ (Fig. 6 ).
PPAR-γ and TCF4 promote CD36 transcription in a cooperative manner
Our results showed that TCF4 is involved in CD36 transcription by Wnt1; therefore, we predicted the binding sites for TCF4 on the CD36 promoter by bioinformatics analysis. There are two binding sites for TCF4 on the CD36 promoter (Fig. 7A) . Moreover, our ChIP analyses with the anti-TCF4 antibody showed that Wnt1 overexpression promoted the recruitment of TCF4 to the second binding site of the CD36 promoter (Fig. 7B) . Further co-immunoprecipitation with an anti-PPAR-γ antibody demonstrated that there was a detectable association between TCF4 and PPAR-γ and that Wnt1 overexpression enhanced this association (Fig. 7C) . Confocal microscopy analyses showed that TCF4 and PPAR-γ had no detectable association in unstimulated macrophages, but Wnt1 overexpression apparently enhanced TCF4 and PPAR-γ colocalization in the nucleus (Fig. 7D) .
GM-CSF induces Pax3, which in turn promotes Wnt1 transcription via binding to the Wnt1 promoter in macrophages
To explore the upstream regulatory mechanism of Wnt1 in macrophages, we first measured Pax3, a transcription factor that is involved in Wnt1 transcription in neural crest development and CD36 expression during macrophage differentiation [24] . As shown in Figure 8A , Wnt1, CD36, and Pax3 were all increased by GM-CSF in a concentration-dependent manner.
Since Wnt1 can be secreted by cells and is present in the cell supernatant, we detected the Wnt1 content in the cell supernatant with GM-CSF treatment and found that Wnt1 was 
Discussion
In this study, we showed that Wnt1 positively regulated CD36 expression through cooperation of PPAR-γ and TCF4 and enhanced the phagocytic function of macrophages. We further demonstrated that Wnt1 upregulated CD36 by promoting the recruitment of β-catenin and PPAR-γ to the CD36 promoter. Moreover, we found that GM-CSF induced Pax3, which in turn promoted Wnt1 transcription via binding to the Wnt1 promoter in macrophages. Thus, our study has provided new insights into the regulation of CD36 during macrophage differentiation from monocytes.
Desheng's work has suggested that activation of PPAR-γ suppresses β-catenin expression [25] . In addition, Shlomo and Emmelie found that β-catenin stimulates the expression of PPAR-γ in FH535 and human colon cancer cells, respectively [26, 27] . Our results indicated that overexpression of Wnt1 promoted the nuclear translocation of β-catenin, which in turn stabilized PPAR-γ. The differences among these studies may be due to the different cells that were used and the treatment conditions. Although we showed the relationship between β-catenin and PPAR-γ in macrophages with Wnt1 overexpression, the underlying mechanism of how Wnt1 regulates PPAR-γ remains unclear. Moreover, it is possible that other genes in macrophages are regulated by the interaction between β-catenin and PPAR-γ. Meanwhile, to the best of our knowledge, the regulation of CD36 expression in quiescent macrophages is unknown [28] .
Our results implied that upregulation of Wnt1 by cytokines such as GM-CSF through Pax3 plays an important role during macrophage differentiation from peripheral bloodderived monocytes. The study by Benjamin showed that Pax3 interacts with the promoter of Wnt1 via a conserved binding site during neural crest development [24] . In agreement, our bioinformatics analyses found that there were three Pax3 binding sites in the 5ʹ-proximal promoter of Wnt1 in macrophages. Furthermore, our ChIP analyses validated the binding of Pax3 to the first binding site of the Wnt1 promoter. Thus, it is important to further elucidate other transcription factors that are involved in the regulatory mechanism of Wnt1 during macrophage differentiation.
Our observation that Wnt1 controls CD36 expression during macrophage differentiation provided a link between the conserved Wnt pathway and CD36 and disclosed a new role for the Wnt pathway in scavenger receptor expression, introducing new insight on scavenger receptor-related diseases such as atherosclerosis. Moreover, several studies have shown that the transcription factors NRF2 and CBFB also participate in the regulation of CD36 gene expression [20, 29, 30] . In future work, it will be interesting to investigate whether NRF2 and CBFB are involved in the regulation of CD36 by the Wnt1 pathway as well as the relationship among Pax3, NRF2, and CBFB in the regulation of CD36 transcription during macrophage differentiation and macrophage foam cell formation.
In conclusion, our study demonstrated that during the process of macrophage differentiation, Wnt1 promoted CD36 expression via TCF4 and PPAR-γ. To the best of our knowledge, this is the first study to reveal the CD36 regulatory mechanism during macrophage differentiation from monocytes.
